Introduction
============

Diabetes mellitus (DM) is an established risk factor for active tuberculosis (TB). An estimated 15%--25% of active TB cases globally are attributable to diabetes.[@b1-dddt-10-3983] DM triples the risk of developing active TB, since it impairs host defenses. Moreover, evidence exists that insulin dependence is an independent predictor of an increased TB risk, and that compared to type 2 diabetes, type 1 diabetes confers a greater risk of contracting TB.[@b2-dddt-10-3983],[@b3-dddt-10-3983] Patients with concurrent DM have worse TB treatment outcomes, are 4 times more likely to relapse following TB treatment, and have a higher risk of death from TB than do patients with TB alone.[@b4-dddt-10-3983]

Multidrug-resistant tuberculosis (MDR-TB) is caused by *Mycobacterium tuberculosis* resistant to rifampicin and isoniazid. Salindri et al found that type 2 DM was associated with an increased risk of primary MDR-TB, and among 52 patients with MDR-TB, the rate of sputum culture conversion was lower in those with diabetes.[@b5-dddt-10-3983] Although the biological basis for this observation remains unclear, there is growing evidence of increased MDR-TB prevalence among patients with DM than among those without DM.[@b6-dddt-10-3983],[@b7-dddt-10-3983] Kang et al found that in patients undergoing MDR-TB treatment for 8--11 years, DM was independently associated with an increased risk of both treatment failure and death.[@b8-dddt-10-3983]

Sirturo^®^ (bedaquiline) and Deltyba^®^ (delamanid), new agents for MDR-TB approved by the US Food and Drug Administration in 2012 and 2014, respectively, represent a potentially exciting advancement in MDR-TB therapy. Beda-quiline is a diarylquinoline antimycobacterial drug that inhibits mycobacterial adenosine triphosphate (ATP) synthase, whereas delamanid inhibits the synthesis of mycobacterial cell wall components, methoxymycolic acid, and ketomycolic acid. Both are indicated as part of combination therapy in adults with pulmonary MDR-TB.[@b9-dddt-10-3983],[@b10-dddt-10-3983] There are no current trial data related to the provision of bedaquiline and delamanid to diabetes patients with pulmonary manifestation of MDR-TB. However, provisional guidelines from the Centers for Disease Control and Prevention include their use on a case-by-case basis for this and other vulnerable patient groups when an effective treatment regimen cannot otherwise be provided.[@b11-dddt-10-3983] An interim policy guidance of the World Health Organization (WHO) states that "as currently there are no data on the efficacy and safety of bedaquiline and delamanid in patients with co-morbid conditions such as DM, liver and/or renal dysfunction, malignancies, alcohol and substance use, careful screening for these conditions prior to treatment initiation is required.[@b12-dddt-10-3983],[@b13-dddt-10-3983]"

Antituberculosis (anti-TB) treatment is affected by DM and hypoglycemic agents; however, glucose control in DM is affected by both TB and some anti-TB drugs (such as rifampicin, which increases the metabolism of most antidiabetic drugs).[@b14-dddt-10-3983] Therefore, the treatment of patients affected by both diseases, especially MDR-TB, can be pharmacologically challenging. The aim of this paper was to review all clinical and pharmacological data relevant for the concurrent use of bedaquiline/delamanid and oral hypoglycemic agents/insulin and potentially identify optimal combinations of these agents in terms of patient safety.

Pharmacokinetics: use of bedaquiline and delamanid in diabetes patients
=======================================================================

Pharmacokinetic alterations in DM
---------------------------------

Clinical experience with bedaquiline and delamanid is too limited to provide data related to the effect of DM on their pharmacology. However, DM may affect the pharmacokinetics of different drugs, including those used to treat TB. It has been suggested that DM may affect absorption (owing to changes in subcutaneous adipose blood flow, muscle blood flow, and gastric emptying), distribution (owing to nonenzymatic albumin glycation), biotransformation (owing to enzyme/transporter regulation involved in this process), and drug excretion (owing to nephropathy).[@b15-dddt-10-3983] Nijland et al showed that exposure to rifampicin was strongly reduced in patients with TB and DM,[@b16-dddt-10-3983] whereas Kumar et al found that the peak serum concentration (*C*~max~) and area under the curve (0--8 h) of pyrazinamide were lower in TB patients with DM than in nondiabetics.[@b17-dddt-10-3983] In a preclinical study by Karbownik et al, plasma concentrations of the anticancer drug erlotinib and its metabolites markedly increased in diabetic than in nondiabetic rabbits.[@b18-dddt-10-3983] Moreover, data also suggest that DM-related pharmacokinetic alterations of a particular drug cannot be translated to other drugs, which is why it is important to study the effect of each drug and not to draw generalized conclusions.[@b15-dddt-10-3983]

Bedaquiline and delamanid with oral hypoglycemic agents
-------------------------------------------------------

Bedaquiline is administered orally. In vitro and in vivo studies have shown that the metabolism of bedaquiline relies on N-demethylation catalyzed by the CYP3A4 isoenzyme forming the N-monodesmethyl metabolite (M2).[@b9-dddt-10-3983] M2 is the major circulating metabolite, but it seems that in TB-infected patients, the majority of the bactericidal efficacy is achieved by an unchanged drug, as the exposure to M2 in humans is about 4- to 5-fold lower than that of bedaquiline.[@b19-dddt-10-3983] Both bedaquiline and M2 show concentration-dependent bactericidal effects.[@b19-dddt-10-3983] In addition to CYP3A4, the CYP isoforms 1A1, 2C8, and 2C18 also play a role in the metabolism of bedaquiline in vitro (defined as a metabolic rate of \>10% of that observed with CYP3A4).[@b20-dddt-10-3983]

CYP450-based drug--drug interaction studies carried out with bedaquiline included known CYP3A4 inducers/inhibitors and anti-TB drugs: rifampin, ketoconazole, isoniazid/pyrazinamide, nevirapine, lopinavir/ritonavir, ethambutol, kanamycin, pyrazinamide, ofloxacin, and cycloserine.[@b9-dddt-10-3983] Significant alterations in bedaquiline plasma concentrations were observed with rifampin and ketoconazole, which is why the concomitant use of these drugs should be avoided for periods of \>14 days.[@b9-dddt-10-3983]

Delamanid is metabolized by albumin and, to a lesser extent, CYP3A4.[@b21-dddt-10-3983] Therefore, CYP450-based interactions with other drugs are not anticipated. However, it was shown that the interaction of delamanid with the strong CYP3A4 inducer, rifampicin, reduced exposure to delamanid by 47% in healthy volunteers,[@b22-dddt-10-3983] which is why the European Medicines Agency declared the coadministration of delamanid with strong CYP3A4 enzyme inducers to be contraindicated. According to in vitro data, clinically relevant interactions between delamanid and drugs whose disposition relies on ATP-binding cassette (ABC) transporters, breast cancer resistant proteins (BCRP/ABCG2), solute carrier (SLC) transporters, organic anion transporting polypeptides, or organic cation transporter 1 are improbable.[@b23-dddt-10-3983],[@b24-dddt-10-3983] However, the entire metabolic profile of delamanid has not yet been clarified, and the potential for drug interactions with other coadministered medications is a logical concern.[@b10-dddt-10-3983]

Pharmacokinetic studies of the concurrent use of hypoglycemic agents and bedaquiline/delamanid have not been performed, since other drugs that belong to this group, except bromocriptine, do not show significant potential to inhibit or induce the CYP3A4 enzyme. However, bedaquiline and to a lesser extent delamanid share the same metabolic pathway with certain antidiabetic drugs, and in conditions of infection and inflammation, changes in CYP450 expression and/or activity in the liver and epithelial cells of the small intestine may modulate the pharmacokinetics of both drug groups.[@b25-dddt-10-3983] Various studies show that interferons and pro-inflammatory cytokines can downregulate P450 expression in vivo and in hepatocyte cultures, and these mediators are recognized as the main cause of P450 downregulation in infectious/inflammatory settings.[@b26-dddt-10-3983]--[@b28-dddt-10-3983] In this context, the logical clinical concern is that patients on a stable drug regimen with oral hypoglycemic agents, who experience a severe infection, would have a decreased exposure to active metabolites of bedaquiline and, to a lesser extent, delamanid, and/or experience hypoglycemic episodes owing to increased blood concentrations of oral antidiabetic drugs. Oral hypoglycemic agents that share the Phase I metabolic pathway with bedaquiline/delamanid are shown in [Table 1](#t1-dddt-10-3983){ref-type="table"}.

Although during in vitro studies with human liver microsomes and hepatocytes bedaquiline showed little or no potential for inducing/inhibiting major CYP450 isoenzymes, its metabolite, M2, showed marked inhibitory effects on CYP3A4, 2B6, 2D6, and 2C19.[@b29-dddt-10-3983] The clinical implications of this finding are unknown. There are no peer-reviewed published data on the potential for pharmacokinetic drug interactions of bedaquiline/delamanid at the level of P-glycoprotein (ABCB1).[@b22-dddt-10-3983] At concentrations approximately 10 times higher than those marked as clinically relevant (\~55 µg/mL), both bedaquiline and M2 substantially inhibited this transporter essential for the transport of sulfonylureas (SU) and sodium-glucose co-transporter 2 (SGLT-2) inhibitors.[@b29-dddt-10-3983] The interaction of principal transporters, OATP1B1, OCT1, and OCT2, studied in relation to oral antidiabetics with bedaquiline remains unknown.[@b30-dddt-10-3983]

Bedaquiline and delamanid are both highly bound (\>99%) to plasma proteins;[@b9-dddt-10-3983],[@b10-dddt-10-3983] therefore, coadministered drugs may compete for the same plasma protein-binding sites and affect the free drug concentration. This may be the case with their concurrent use with SU (protein binding \>99%), glinides (\>98%), or SGLT-2 inhibitors (\>98%). The pharmacokinetic and clinical consequences of potential protein-binding displacement remain to be elucidated.

Bromocriptine mesylate, approved as an adjunct therapy to diet and exercise to improve glycemic control in adults with type 2 DM, is both a substrate and a very potent inhibitor of CYP3A4 (Ki =1.6 µM).[@b31-dddt-10-3983] Although there are no studies to confirm this hypothesis, it is logical to conclude that drugs whose clearance is mediated by CYP3A4, such as bedaquiline, should be combined with bromocriptine with special caution. Kim et al showed that glibenclamide also inhibits human CYP3A4 in human liver microsomes, but to a lesser extent than other CYP3A4 inhibitors.[@b32-dddt-10-3983] The inhibitory effect of gliquidone on CYP3A4 has also been shown, but the extent of inhibition is unknown.[@b33-dddt-10-3983] Colesevelam, a non-absorbed, lipid-lowering agent approved for use as adjunctive therapy in patients with type 2 DM, affects the bioavailability of \>100 medicinal products, significantly reducing their absorption.[@b34-dddt-10-3983] Therefore, the efficacy of both bedaquiline and delamanid may be severely affected by this, since it is concentration dependent.

The plasma concentrations and efficacy of oral hypoglycemic agents and their safety profiles may be significantly affected by the genetic polymorphisms of CYP450 drug-metabolizing enzymes, organic cation transporters, or organic anion-transporting polypeptides.[@b35-dddt-10-3983],[@b36-dddt-10-3983] However, as a large portion of the pharmacokinetic information of bedaquiline and delamanid remains unclear, it is unknown whether any of these variants influence their metabolism. The only genetic polymorphism that may possibly be relevant for the concurrent use of bedaquiline and delamanid and oral hypoglycemic agents is CYP3A4\*18, which plays a major role in the interindividual variability in the pharmacokinetics of repaglinide.[@b37-dddt-10-3983]

Metformin is an oral hypoglycemic agent that is not metabolized via CYP450 and apparently does not use P-glycoprotein for its transport. There are various preclinical studies showing that metformin may interact pharmacokinetically with many drugs.[@b38-dddt-10-3983],[@b39-dddt-10-3983] However, in humans, metformin is cleared from the body by tubular secretion and excreted unchanged in the urine. As metformin is not metabolized, the possibilities of pharmacokinetic drug--drug interactions are minimal; therefore, this hypoglycemic agent could be a key compound for combination with bedaquiline and delamanid.

Studies have suggested that metformin suppresses the inflammatory response by nuclear factor κB inhibition via adenosine monophosphate (AMP)-activated protein kinase-dependent and -independent pathways,[@b40-dddt-10-3983],[@b41-dddt-10-3983] and that metformin anti-inflammatory properties are exerted irrespective of DM status.[@b42-dddt-10-3983]

Besides its favorable pharmacokinetic profiles, these metformin characteristics make it very suitable for use in severe infections, such as MDR-TB.

Bedaquiline and delamanid with insulin analogs
----------------------------------------------

For MDR-TB cases with diabetes type 1 and 2, the American Association of Clinical Endocrinologists recommends the use of insulin analogs, as their action is more predictable, resulting in reduced hypoglycemia. Once the disease starts settling, oral hypoglycemic agents may be used.[@b43-dddt-10-3983] In severe infections, the positive effects of insulin administration are possibly a result of its anti-inflammatory, vasodilatory, and antioxidant effects, as well as its ability to inhibit platelet aggregation and lipolysis.[@b44-dddt-10-3983] In MDR-TB, insulin requirements are initially high, but decrease several weeks after glucotoxicity and the infection have settled.[@b45-dddt-10-3983] The pharmacology of exogenous insulin may be altered by the response to infection and concurrent administration of different drugs.

A limited amount of exogenous insulin is metabolized by the liver in its first pass; however, the main organ responsible for metabolizing exogenous insulin administered to diabetes patients (\~80%) is the kidney.[@b46-dddt-10-3983]--[@b48-dddt-10-3983] Approximately 65% of insulin is filtered in the glomerulus and metabolized in the cells of the proximal tubule. The remaining insulin (\~35%) diffuses from post-glomerular peritubular vessels to the contraluminal cell membrane of the proximal tubular cell, where it is also degraded.[@b49-dddt-10-3983] Although insulin analogs are also metabolized in the liver, they do not share the same metabolic pathways as bedaquiline and delamanid, so the hepatic alteration of the pharmacokinetic parameters of these drugs is not expected.

In general, information about interactions between insulin and other medications is relatively limited; the summaries of product characteristics of the insulin analogs do not include specific drug interactions. It has been shown that many drugs potentially increase the hypoglycemic effect of insulin (oral antidiabetic products, pramlintide, angiotensin-converting enzyme inhibitors, disopyramide, fibrates, fluoxetine, mono-amine oxidase inhibitors, propoxyphene, pentoxifylline, salicylates, somatostatin analogs, sulfonamide antibiotics) and reduce it (corticosteroids, niacin, danazol, diuretics, sympathomimetic agents, glucagon, isoniazid, phenothiazine derivatives, somatropin, thyroid hormones, estrogens, progestogens, protease inhibitors, atypical antipsychotic medications),[@b50-dddt-10-3983]--[@b54-dddt-10-3983] but the mechanisms responsible for these effects are mostly unknown. Currently, there are no data related to potential hypoglycemic or hyperglycemic properties of bedaquiline or delamanid which may affect the hypoglycemic potential of insulin analogs.

Following subcutaneous injection, insulin detemir and degludec extensively bind to albumin. At a steady state, the concentration of unbound insulin is considerably reduced, leading to more stable plasma insulin levels.[@b55-dddt-10-3983],[@b56-dddt-10-3983] The prolonged action of detemir and degludec, achieved by slow absorption from the subcutaneous depot, appears to be partially mediated by binding to albumin via a fatty acid chain.[@b57-dddt-10-3983] Limited data are available in humans related to the relationship between the pharmacodynamic and pharmacokinetic properties of detemir and degludec and the plasma level of albumin. However, potential interactions of detemir and degludec with bedaquiline and delamanid should be considered.

Positive and negative aspects of the use of insulin analogs and metformin in diabetes patients with MDR-TB are sum-marized in [Table 2](#t2-dddt-10-3983){ref-type="table"}.

Bedaquiline and delamanid with GLP-1 receptor agonists and pramlintide
----------------------------------------------------------------------

The potential of glucagon-like peptide-1 (GLP-1) receptor agonists and pramlintide to delay gastric emptying may reduce the extent and rate of absorption of many drugs administered per os.[@b58-dddt-10-3983] Patients should be advised to take those medicinal products whose efficacy particularly depends on threshold plasma concentrations, such as bedaquiline and delamanid, at least 1 h before the injection of GLP-1 receptor agonists or pramlintide.[@b58-dddt-10-3983]

Liraglutide is the only drug from this group which may possibly interact with bedaquiline/delamanid at the protein-binding level, as it is highly protein-bound (\>98%).[@b59-dddt-10-3983] Either the GLP-1 receptor agonists undergoes minimal systemic metabolism or they are endogenously metabolized by dipeptidyl peptidase IV (DPP-IV) and endogenous endopeptidases,[@b58-dddt-10-3983] whereas pramlintide is metabolized primarily by the kidneys,[@b60-dddt-10-3983] so other pharmacokinetic interactions are not expected with bedaquiline and delamanid. Potential pharmacokinetic interactions of bedaquiline/delamanid and hypoglycemic agents with the resulting clinical effects are summarized in [Table 3](#t3-dddt-10-3983){ref-type="table"}.

Pharmacodynamics: use of bedaquiline and delamanid in diabetes patients
=======================================================================

Mechanism of action and pharmacodynamic interactions
----------------------------------------------------

Bedaquiline inhibits mycobacterial ATP synthase, an essential enzyme for energy generation in *M. tuberculosis*.[@b9-dddt-10-3983],[@b61-dddt-10-3983] Since its mechanism of action differs from those of other antimycobacterial agents, bedaquiline has the capacity to retain efficacy against certain *M. tuberculosis* isolates that are resistant to other drugs. Its minimal inhibitory concentration (MIC) for drug-sensitive and drug-resistant strains ranges from ≤0.008 to 0.12 mg/L,[@b9-dddt-10-3983] but these data have not yet been validated in human studies. The intracellular bactericidal effect of bedaquiline in macrophages and a macrophage-like cell line was greater than its extracellular activity.[@b9-dddt-10-3983],[@b61-dddt-10-3983] Delamanid inhibits the synthesis of the mycobacterial cell wall components methoxymycolic and ketomycolic acid.[@b10-dddt-10-3983],[@b24-dddt-10-3983] Susceptibility testing breakpoints of delamanid have not yet been determined.

Clinical studies exploring the effect of diabetes on the pharmacodynamics of drugs are still very limited. Previously published studies have reported the effects of diabetes on the drug dose--response of cardiovascular drugs, such as lipid-lowering agents[@b62-dddt-10-3983]--[@b64-dddt-10-3983] and antihypertension drugs,[@b65-dddt-10-3983] but it is unclear whether these studies show true pharmacodynamic changes or merely alterations in pharmacokinetics.

Clinical studies performed with bedaquiline and delamanid did not specifically address the dose/concentration--effect relationship between bedaquiline/delamanid and other drugs at the receptor, signaling, or effector level.[@b9-dddt-10-3983],[@b10-dddt-10-3983],[@b21-dddt-10-3983],[@b66-dddt-10-3983],[@b67-dddt-10-3983] However, it has been observed that the use of bedaquiline and delamanid with QT-prolonging medications increases the risk of prolonged QT by additive or synergistic mechanisms, probably due to co-inhibition of the ATP-dependent K^+^ channels.[@b9-dddt-10-3983],[@b10-dddt-10-3983] Currently, there is no clinical evidence that the hypoglycemic agents could provoke similar effects. Nonetheless, some antidiabetics, such as SU and glinide agents, delay repolarization times by the same mechanism.[@b68-dddt-10-3983] Therefore, combining these 2 drug groups with bedaquiline/delamanid requires caution.

Mechanisms of resistance
------------------------

Resistance to bedaquiline and delamanid has been documented during treatment. Acquired resistance mechanisms that affect bedaquiline MICs include strain mutations in the *atpE* gene, which codes for ATP synthase,[@b69-dddt-10-3983] and in the *Rv0678* gene, which regulates the expression of the MmpS5-MmpL5 efflux pump.[@b70-dddt-10-3983]--[@b72-dddt-10-3983] The latter also confers cross-resistance to clofazimine.[@b70-dddt-10-3983] Target-based mutations generated in preclinical studies led to 8- to 133-fold increases in bedaquiline MICs, whereas efflux-based mutations, seen in preclinical and clinical isolates, led to 2- to 8-fold increases in bedaquiline MICs.[@b9-dddt-10-3983],[@b71-dddt-10-3983],[@b72-dddt-10-3983] Delamanid requires activation by mycobacterial F420-dependent deazaflavin-dependent nitroreductase coenzymes. Mutation in 1 of the 5 coenzyme *F420* genes (*fgd*, *Rv3547*, *fbiA*, *fbiB*, and *fbiC*) is suggested as the mechanism for resistance against delamanid in mycobacteria.[@b10-dddt-10-3983],[@b22-dddt-10-3983] In 2015, Bloemberg et al showed that a mutation in *mmpR* was associated with bedaquiline resistance, whereas 2 mutations in *fbiA* and *fgd1* were associated with resistance to delamanid.[@b73-dddt-10-3983]

Almeida et al found that the loss of function of the *Rv2535* gene, which codes for putative Xaa-Pro aminopeptidase, leads to reduced susceptibility both in vitro and in mice.[@b74-dddt-10-3983]

There is no evidence of host genome mutations related to bedaquiline/delamanid resistance.

Clinical efficacy and safety
----------------------------

Evidence of bedaquiline's safety and efficacy came from 2-stage Phase II, randomized, placebo-controlled trials.[@b9-dddt-10-3983],[@b66-dddt-10-3983],[@b75-dddt-10-3983] Investigators included individuals with positive sputum smears and sensitivity to at least 3 of the 5 classes of drugs used in the background antimycobacterial regimen (BR) for pulmonary MDR-TB. The primary outcome parameter was the time to sputum culture conversion during treatment with bedaquiline or placebo. In the first stage, 47 patients were randomly assigned to receive 8 weeks of placebo or bedaquiline (400 mg daily for 2 weeks, followed by 200 mg 3 times weekly for 6 weeks) in addition to the BR. Adding bedaquiline to the BR reduced the time to sputum culture conversion (hazard ratio \[HR\] 11.8, confidence interval \[CI\] 2.3--61.3, *P*=0.003) and increased the proportion of patients whose sputum cultures converted to negative (48% \[10 of 21\] vs 9% \[2/23\] at 8 weeks, *P*=0.003). In the second stage, 160 patients were randomized to receive bedaquiline or a placebo 400 mg daily for 2 weeks followed by 200 mg thrice weekly for 22 weeks. The time to sputum culture conversion was again significantly reduced in the bedaquiline group (HR 2.44, CI 1.57--3.80, *P*\<0.0001).[@b9-dddt-10-3983],[@b66-dddt-10-3983],[@b75-dddt-10-3983] Headaches (24% vs 11%), nausea (35% vs 26%), and arthralgias (29% vs 20%) were more common in the bedaquiline group. More patients in the bedaquiline group than in the placebo group died (2/81 patients in the placebo group, in contrast with 10 of 79 bedaquiline-treated patients). The unexpected imbalance in deaths between the 2 treatment groups remained unexplained.[@b9-dddt-10-3983],[@b66-dddt-10-3983],[@b75-dddt-10-3983]

A single-arm, Phase II trial involving 233 patients, who were sputum smear positive within 6 months prior to screening, evaluated the safety, tolerability, and efficacy of 24-week treatment with open-label bedaquiline as part of an individualized treatment regimen.[@b71-dddt-10-3983] The median time to sputum culture conversion was consistent with that found in the second stage of the controlled study. Mean increases from baseline values in the heart rate-corrected QT (QTc) were observed both in controlled and uncontrolled trials.[@b9-dddt-10-3983],[@b66-dddt-10-3983],[@b71-dddt-10-3983],[@b75-dddt-10-3983] The largest mean increase from baseline values in QTc in the second phase of the controlled trial was 15.7 ms (at week 18), whereas the maximal mean QTc increase in the uncontrolled trial was 23.7 ms. The QTc returned to normal after discontinuation of bedaquiline.

The safety, tolerability, and efficacy of an 8-week treatment with delamanid in combination with the WHO-recommended BR were evaluated in a multicenter, double-blind, placebo-controlled study.[@b10-dddt-10-3983],[@b21-dddt-10-3983] The authors assigned 481 patients with pulmonary MDR-TB to receive delamanid at a dose of 100 mg twice daily (161 patients) or 200 mg twice daily (160 patients), or placebo (160 patients). Higher sputum culture conversion rates were observed in the groups that received 100 mg twice-daily and 200 mg twice-daily treatment compared to patients on placebo (45.4% vs 29.6%, *P*=0.008 and 41.9% vs 29.6%, *P*=0.04, respectively).[@b10-dddt-10-3983],[@b21-dddt-10-3983]

The most frequently observed adverse drug reactions in patients treated with delamanid (incidence \>10%) were nausea (38.3%), vomiting (33%), and dizziness (30.2%). QT prolongation was reported significantly more frequently in the groups that received delamanid.[@b10-dddt-10-3983],[@b21-dddt-10-3983]

Clinical considerations related to the use of bedaquiline and delamanid in diabetes patients
============================================================================================

Aging
-----

Aging is associated with structural and functional changes affecting drug pharmacokinetics and pharmacodynamics. Besides impaired renal and hepatic functions, other factors, such as reduced gastric acid secretion,[@b76-dddt-10-3983],[@b77-dddt-10-3983] gastric emptying,[@b78-dddt-10-3983] reduced splanchnic blood flow, reduced absorptive capacity of the small intestine, reduction in liver mass and blood flow, changes in body composition,[@b79-dddt-10-3983] and increased sensitivity to drugs, may lead to important changes in plasma concentrations. Eleven Phase I trials with bedaquiline (N=265), and 1 Phase IIa (N=47) and 2 Phase IIb trials (N=393) that included patients with drug-susceptible TB did not include sufficient numbers of patients aged ≥65 years to determine whether their response to these drugs is different from that of younger patients.[@b80-dddt-10-3983] Delamanid was investigated through 12 Phase I trials (N=887) and 1 Phase II trial (N=481), but no data are available for elderly patients.[@b10-dddt-10-3983] As the population of patients affected by type 2 DM predominantly belongs to this age group, the therapeutic effects and safety profiles of these drugs in this population remain unclear.

Renal impairment
----------------

About one-third of patients with type 1 DM and 10%--40% of those with type 2 DM will eventually suffer from renal failure. Mild renal impairment (50--80 mL/min creatinine clearance \[CrCLN\]) does not appear to affect bedaquiline/delamanid exposure, as their renal excretion is not substantial (\<0.001% for bedaquiline and \<5% for delamanid).[@b9-dddt-10-3983],[@b10-dddt-10-3983] In a population pharmacokinetic analysis of TB patients treated with bedaquiline (200 mg 3 times a week), CrCLN did not affect the pharmacokinetic parameters of bedaquiline.[@b9-dddt-10-3983] However, in diabetes patients with severe renal impairment or in patients who required hemodialysis or peritoneal dialysis, drug concentrations could be elevated owing to renal dysfunction-mediated alteration of drug pharmacokinetics. Although the Summary of Product Characteristics (SmPC) for bedaquiline advises that this drug should be used with caution in patients with severe renal impairment (\<30 mL/min), the SmPC for delamanid discourages its use in this patient group.[@b9-dddt-10-3983],[@b10-dddt-10-3983]

Diabetic kidney disease associated with micro- or macroalbuminuria represents another significant challenge, as both drugs extensively bind to plasma proteins (\>99.9% for bedaquiline and \>99.5% for delamanid).[@b9-dddt-10-3983],[@b10-dddt-10-3983] Additionally, as delamanid is primarily metabolized in plasma by albumin, hypoalbuminemia may lead to increased blood concentrations of this drug. In a clinical study with delamanid, hypoalbuminemia was associated with an elevated risk of the prolongation of the QTc interval in the delamanid treatment group owing to increased plasma levels of this drug.[@b10-dddt-10-3983],[@b21-dddt-10-3983] Therefore, delamanid is contraindicated in patients with albumin \<2.8 g/dL.[@b10-dddt-10-3983],[@b21-dddt-10-3983]

Hepatic impairment
------------------

The entire spectrum of liver disease (abnormal liver enzymes, nonalcoholic fatty liver disease, cirrhosis, hepatocellular carcinoma, acute liver failure) is seen in patients with type 2 DM.[@b21-dddt-10-3983] It seems that type 1 DM is not associated with fat accumulation in the liver if glucose levels are well controlled, but type 2 DM may have a 70% correlation, regardless of glycemic control.[@b81-dddt-10-3983] Nonalcoholic fatty liver disease-associated alterations of liver function and transporter expression can provoke dramatic changes in drug disposition.[@b82-dddt-10-3983] Acute hepatic failure affects drug metabolism through changes in hepatic blood flow, liver enzyme activity, and the binding of drugs to plasma proteins.[@b83-dddt-10-3983] It appears that the pharmacokinetics of bedaquiline and delamanid does not change after single-dose administration to subjects with moderate hepatic impairment (Child--Pugh B score).[@b9-dddt-10-3983],[@b10-dddt-10-3983] However, neither of these agents has been studied in patients with severe hepatic impairment, and the SmPCs of both bedaquiline and delamanid discourage their use in this patient group.[@b9-dddt-10-3983],[@b10-dddt-10-3983]

Hypokalemia
-----------

Diabetes patients often present electrolyte disturbances, including hypokalemia resulting from insulin administration, and gastrointestinal or renal loss of K^+^. Insulin can induce hypokalemia because it promotes the entry of K^+^ into skeletal muscles and hepatic cells by increasing the activity of the Na^+^/K^+^-ATPase pump.[@b84-dddt-10-3983] The increased epinephrine secretion caused by insulin-induced hypoglycemia could play a contributory role.[@b85-dddt-10-3983] Special precautions should be taken when delamanid is administered to patients with hypokalemia, as it frequently induces this electrolyte disturbance itself (≥1/10).[@b10-dddt-10-3983]

Low potassium levels may potentiate the development of QTc prolongation that commonly appears with bedaquiline and delamanid. The WHO expert group calls for strict monitoring of potassium imbalances in patients receiving these drugs.[@b12-dddt-10-3983],[@b13-dddt-10-3983]

Phospholipidosis
----------------

Bedaquiline and delamanid have been shown to induce phospholipidosis at most doses and exposures in drug-treated animals.[@b9-dddt-10-3983],[@b10-dddt-10-3983] The possible functional implications of this condition upon cellular or tissue function are not explained. However, this finding may be of special interest for diabetes patients, as there are reports suggesting the role of drug-induced phospholipidosis in progressive renal insufficiency in humans.[@b86-dddt-10-3983] Moreover, several animal models and human studies indicate that the formation of oxidative phospholipids represents a general mechanism that may play a major role in chronic inflammatory diseases such as DM.[@b87-dddt-10-3983]

Adverse drug reactions
======================

QT interval prolongation
------------------------

Considering the long duration of MDR-TB treatment and potential appearance of adverse effects long after the treatment has been completed, particularly given that the terminal elimination of bedaquiline takes 5.5 months (due to its long plasma half-life, high tissue penetration, and long half-life in tissues),[@b9-dddt-10-3983] evaluating cardiovascular side effects is particularly important. Both bedaquiline and delamanid, in multiple-dosing regimens, can prolong the QT interval.[@b9-dddt-10-3983],[@b10-dddt-10-3983] A prolonged heart rate-corrected QTc interval is defined as above 450 ms in men and 470 ms in women, and it is recognized as a well-known risk factor for ventricular arrhythmias and sudden cardiac death.[@b88-dddt-10-3983]

The risk of QTc prolongation with bedaquiline/delamanid appears to be the highest during the treatment phase, but could extend beyond this phase. It seems that plasma concentrations of the M2 metabolite of bedaquiline correlate with QT interval prolongation.[@b9-dddt-10-3983] In addition, the use of bedaquiline and delamanid with QT-prolonging medications increases the risk of prolonged QT by additive or synergistic mechanisms.[@b9-dddt-10-3983] For bedaquiline, this effect was observed in studies of its concurrent use with ketoconazole and clofazimine, whereas for delamanid, additive/synergistic QT prolongation was observed with levofloxacin.[@b9-dddt-10-3983],[@b10-dddt-10-3983] Therefore, baseline testing and monitoring for QT prolongation and arrhythmia development, especially in combination with other QT-prolonging drugs, are imperative according to the WHO expert group.[@b12-dddt-10-3983],[@b13-dddt-10-3983]

SU and glinide agents inhibit ATP-dependent K^+^ channels, delaying repolarization times and prolonging the QTc.[@b68-dddt-10-3983] As stated earlier, there are no registered episodes of QTc prolongation as a consequence of the concurrent use of bedaquiline/delamanid and hypoglycemic drugs. However, it appears that fluoroquinolones increase the QTc prolongation risk when used with bedaquiline/delamanid, and have the same potential to block the cardiac voltage-gated potassium channels, particularly the rapid component (IKr) of the delayed rectifier potassium current (IK), prolonging the QTc.[@b89-dddt-10-3983] The same mechanism has been proposed for ketoconazole.[@b90-dddt-10-3983]

As delamanid and bedaquiline are metabolized by CYP3A4, CYP3A4 inhibitors may further prolong the QTc interval, especially the potent CYP3A4 inhibitor bromocriptine.[@b22-dddt-10-3983]

Regarding other cardiovascular effects, hypotension was commonly seen in clinical studies with delamanid.[@b10-dddt-10-3983] Bromocriptine is a hypoglycemic agent that also produces hypotension, and symptomatic orthostatic hypotension can occur in patients treated with bromocriptine mesylate for any indication.[@b31-dddt-10-3983] In postpartum studies performed with bromocriptine mesylate, decreases in supine systolic and diastolic pressures have been observed in almost one-third of patients who were treated with this drug.[@b91-dddt-10-3983],[@b92-dddt-10-3983] The pathophysi-ology of delamanid-induced hypotension is not clear yet, but its concurrent use with other potentially hypotensive agents should be closely monitored.

Cardiovascular toxicity is not common among insulin analogs. However, there are numerous case reports describing hypertensive episodes with glargine, although its SmPC does not include hypertension as a possible side effect.[@b54-dddt-10-3983] Delamanid has also produced hypertension in ≥1/100 to \<1/10 treated patients.[@b10-dddt-10-3983],[@b21-dddt-10-3983] Although the causal relationship between hypertension and glargine exposure has not been established yet, monitoring this side effect when combining glargine and delamanid is recommended.

Hepatic-related adverse drug reactions and gastrointestinal disorders
---------------------------------------------------------------------

In Phase IIb clinical studies performed with bedaquiline, aminotransferase elevations of at least 3 times the upper limit of the normal were observed more frequently in the bedaquiline treatment group (11/102; 10.8%) than in the placebo treatment group (6/105; 5.7%).[@b9-dddt-10-3983],[@b71-dddt-10-3983] The elevation in liver enzyme levels increased gradually over the 24-week treatment period.[@b9-dddt-10-3983],[@b71-dddt-10-3983] Therefore, monitoring symptoms and laboratory tests (alanine transaminase, aspartate transaminase, alkaline phosphatase, and bilirubin) at baseline levels and monthly when on treatment with bedaquiline are advised. Hepatobiliary disorders were classified as common (≥1/100 to \<1/10) for bedaquiline, whereas in studies with delamanid, they were uncommon (≥1/1,000 to \<1/100).[@b9-dddt-10-3983],[@b10-dddt-10-3983],[@b21-dddt-10-3983] The mechanism of bedaquiline-related hepatotoxicity remains unknown. However, it is advised that a combination of bedaquiline and other hepatotoxic drugs should be avoided. Therefore, special attention should be given to the concurrent use of bedaquiline and thiazolidinediones and acarbose, also known for their hepatotoxic potential.[@b93-dddt-10-3983],[@b94-dddt-10-3983]

Nausea and vomiting were reported as very common in bedaquiline clinical studies (≥1/10), and diarrhea was classified as a common adverse drug reaction.[@b9-dddt-10-3983],[@b66-dddt-10-3983],[@b71-dddt-10-3983],[@b75-dddt-10-3983] Similarly, in the double-blind, placebo-controlled clinical trial with delamanid, vomiting, diarrhea, nausea, and upper abdominal pain were commonly observed (≥1/10).[@b10-dddt-10-3983],[@b21-dddt-10-3983] These reactions may be potentiated when bedaquiline/delamanid are combined with biguanides, alpha-glucosidase inhibitors, bromocriptine, glinides, and SGLT-2 inhibitors, which also produce gastrointestinal disturbances, similarly to insulin analogs, GLP-1 receptor agonists, and pramlintide.

Pancreatitis was not seen more commonly in clinical trials with bedaquiline than with placebos.[@b9-dddt-10-3983],[@b66-dddt-10-3983],[@b71-dddt-10-3983],[@b75-dddt-10-3983] Nonetheless, an increase in pancreatic enzymes was observed in patients taking bedaquiline, although it was rare and the causal relationship was not determined.[@b9-dddt-10-3983] Until more information from Phase III clinical studies becomes available, precaution should be taken when bedaquiline is combined with DPP-IV inhibitors, exenatide, and GLP-1 receptor agonists that could produce pancreatitis or alter pancreatic enzymes.

Rhabdomyolysis potential
------------------------

Degenerative changes in skeletal muscles were seen in mice, rats, and dogs treated with bedaquiline.[@b13-dddt-10-3983] Fibrohistiocytic infiltration and degeneration of muscle fibers in the tongue and quadriceps were detected in rats treated for 13 weeks with bedaquiline at high doses (24 mg/kg). This myopathy was reversible 12 weeks after the treatment period.[@b13-dddt-10-3983] In clinical trials with bedaquiline, there were no reported cases of rhabdomyolysis.[@b9-dddt-10-3983] However, myalgia was reported as a common side effect for both bedaquiline and delamanid.[@b9-dddt-10-3983],[@b10-dddt-10-3983]

Since bedaquiline-induced muscle damage is reversible, the risk of possible muscle effects may not outweigh the benefit that this drug has for MDR-TB treatment. However, combining bedaquiline with other drugs that may cause muscle damage, such as pioglitazone or insulin glargine, may be dangerous. Pioglitazone was reported to cause severe acute rhabdomyolysis, with dose-independent myalgia as a common side effect.[@b95-dddt-10-3983],[@b96-dddt-10-3983] Further studies are needed to elucidate bedaquiline's potential for inducing rhabdomyolysis in humans and the effects of its concomitant use with other agents that could potentially induce muscle damage.

Peripheral neuropathy
---------------------

Transitory, acute painful peripheral neuropathy has been observed in patients with a rapid improvement in glycemic control with detemir.[@b55-dddt-10-3983] Peripheral neuropathy has been reported as a common side effect of delamanid,[@b10-dddt-10-3983] but it remains unclear whether the concurrent use of these drugs would aggravate this side effect.

Therapeutic drug monitoring
===========================

Since the antimicrobial action of bedaquiline and delamanid is exposure-dependent,[@b20-dddt-10-3983],[@b97-dddt-10-3983] it is necessary that target exposures be ensured. Current preclinical data related to optimal plasma concentrations of these drugs have not yet been translated to and validated in human studies. Therefore, the desired *C*~max~ relative to the MIC has not been defined.

In TB settings, therapeutic drug monitoring (TDM) permits the clinician to adjust the therapy in a timely manner.[@b98-dddt-10-3983],[@b99-dddt-10-3983] For individuals with no other comorbidities who respond to the standard TB therapeutic options, these adjustments may not be necessary. However, in patients with MDR-TB and concurrent diseases such as DM, the pharmacological profile is significantly complicated owing to altered food intake, malabsorption, altered metabolism, drug--drug interactions, or adverse events.[@b98-dddt-10-3983],[@b99-dddt-10-3983] Such patients may benefit from TDM, avoiding mycobacterial exposure to subinhibitory drug concentrations. Moreover, because patients with DM frequently have other comorbidities, checking serum concentrations early may avoid complications and ensure adequate therapy.[@b98-dddt-10-3983]

DM was found to be significantly associated with slow responses (*P*\<0.001) to TB treatment in the study performed by Heysell et al.[@b100-dddt-10-3983] Routine early TDM (at 2 weeks of anti-TB therapy) in diabetes patients showed that 76% of them had subtherapeutic levels of isoniazid or rifampin or both.[@b100-dddt-10-3983] The goal of serum drug concentration testing in diabetics is to make early changes in treatment regimens to improve sputum conversion and diminish the slow response rates. In addition, prolonging the already long treatment with bedaquiline/delamanid (24 weeks) may be prevented using plasma concentration measurements.[@b101-dddt-10-3983]

Conclusion
==========

There is a lack of sufficient pharmacokinetic and clinical data necessary to ensure the safe utilization of bedaquiline and delamanid in patients with DM. This particularly includes diabetes patients aged \>65 years and those with severe renal and hepatic impairment, as well as patients with hypokalemia. Based on the available data, insulin analogs appear to be safe to combine with bedaquiline and delamanid, although potential insulin-induced hypokalemia should be cautiously monitored, as it could potentially prolong the QTc. Moreover, the anti-inflammatory, vasodilatory, and antioxidant effects of insulin analogs support their use in severe infections, such as MDR-TB. The possibility of additive or synergic QTc prolongation also exists when bedaquiline and delamanid are combined with SU and glinides, since they share the same potential to block the cardiac voltage-gated potassium channels. The CYP3A4 inhibitor, bromocriptine, may prolong the QTc interval owing to potentially increased plasma bedaquiline concentrations. Among oral hypoglycemic drugs, metformin possibly has the most favorable pharmacokinetic and safety profile when combined with bedaquiline and delamanid. Its severe gastrointestinal toxicity may be increased with the concurrent use of these drugs, but considering its anti-inflammatory properties, the benefits of its use in MDR-TB outweigh the risk. For altered drug metabolism, seen in DM and severe infections, the TDM of concentration-dependent drugs, such as bedaquiline and delamanid, may be crucial. Further pharmacokinetic, Phase III clinical, and postmarketing studies are essential in ensuring the safe use of these agents in diabetes patients.
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###### 

CYP3A4 and/or CYP2C8 crossed metabolic pathways

  Oral hypoglycemic agent                Novel antituberculosis drug   
  -------------------------------------- ----------------------------- -----
  **Meglitinides**                                                     
  Starlix^®^ (nateglinide)               3A4                           3A4
  Prandin^®^ (repaglinide)               3A4/2C8                       3A4
  **Thiazolidinediones**                                               
  Actos^®^ (pioglitazone)                3A4/2C8                       3A4
  Avandia^®^ (rosiglitazone)             2C8                           NC
  **Sulfonylureas**                                                    
  Glyburide^®^ (glibenclamide)           3A4                           3A4
  Diamicron^®^ (gliclazide)              2C8                           NC
  Glurenorm^®^ (gliquidone)              3A4                           3A4
  **DPP-IV inhibitors**                                                
  Januvia^®^ (sitagliptin)               3A4/2C8                       3A4
  Onglyza^®^ (saxagliptin)               3A4                           3A4
  **Other**                                                            
  Cycloset^®^ (bromocriptine mesylate)   3A4                           3A4

**Abbreviations:** NC, no crossing; DPP-IV, dipeptidyl peptidase IV.

###### 

Advantages and disadvantages of the use of insulin analogs and metformin in multidrug-resistant tuberculosis patients treated with bedaquiline/delamanid

  -------------------------------------------------------------------------------------------------------------------------------------------------------------------------
  Clinical impact   Metformin                                                             Insulin analogs
  ----------------- --------------------------------------------------------------------- ---------------------------------------------------------------------------------
  Advantages        No interaction at the ABCB1, CYP3A4, or protein-binding site levels   No interaction at the transporter or CYP3A4 levels

                                                                                          Possible interaction at the protein-binding site (detemir, degludec)

                    Anti-inflammatory properties                                          Anti-inflammatory, vasodilatory, and antioxidant properties

                    No risk of QT prolongation                                            No risk of QT prolongation\
                                                                                          More predictable hypoglycemic effect in severe infection compared to metformin\
                                                                                          Allowed in renal and hepatic impairment

  Disadvantages     Enhanced gastrointestinal toxicity                                    

                    Unpredictable hypoglycemic effect in severe infections                Possibly increased risk of hypertensive episodes and muscle damage (glargine)

                    Not allowed with renal or hepatic impairment                          
  -------------------------------------------------------------------------------------------------------------------------------------------------------------------------

###### 

Possible pharmacokinetic interactions between bedaquiline/delamanid and hypoglycemic agents and their expected clinical effects

  Interaction level           Possible pharmacokinetics                                                                                                                            Expected clinical effects
  --------------------------- ---------------------------------------------------------------------------------------------------------------------------------------------------- -----------------------------------
  Transporter level (ABCB1)   Inhibition of SU and SGLT-2 inhibitors                                                                                                               Lack of hypoglycemic efficacy
  Protein-binding level       Competition for protein-binding sites (bedaquiline/delamanid vs SU, glinides, SGLT-2 inhibitors)                                                     Unclear
  Hepatic metabolism level    Decreased exposure to bedaquiline/delamanid with strong CYP3A4 inducers (bromocriptine)                                                              Lack of antituberculosis efficacy
                              Increased exposure to oral hypoglycemic agents mainly metabolized by CYP3A4 (nateglinide, sitagliptin, saxagliptin) due to inhibitory effect of M2   Hypoglycemic episodes
                              Increased exposure to bedaquiline in severe infection (downregulation of P450 expression)                                                            Toxicity of bedaquiline
                              Increased exposure to oral hypoglycemic agents in severe infections (downregulation of P450 expression)                                              Hypoglycemic episodes

**Note:** ABCB1 is a P-glycoprotein, and M2 is the bedaquiline metabolite.

**Abbreviation:** SU, sulfonylureas.
